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T he enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) converts biologically active 11β-hydroxy glucocorticoids to inactive 11-ketosteroids. 1 The enzyme exhibits a cell-specific expression in mineralocorticoid target tissues, such as epithelial cells from colon and cortical collecting tubules (CCD), where its main function is to protect the nonselective mineralocorticoid receptor from activation by cortisol in humans and by corticosterone in rodents. 2, 3 A diminished activity of 11β-HSD2 leads to overactivation of the mineralocorticoid receptor by endogenous glucocorticoids with renal sodium retention and a salt-sensitive increase in blood pressure. [4] [5] [6] Compromised 11β-HSD2 activity can be caused by loss-of-function mutations of the gene encoding 11β-HSD2 (HSD11B2), 7 endobiotics and xenobiotics, 6, 8, 9 hypoxia, 10 shear stress, 11 or impaired renal function. 12, 13 Slightly reduced activity of 11β-HSD2 has been reported to be associated with a salt-sensitive increase in blood pressure in normal volunteers or patients with essential hypertension. 5, 14 The frequency of mutated exons in the HSD11B2 gene is extremely low. 15 Thus, other mechanisms accounting for the large interindividual 11β-HSD2 enzyme activities have to be considered in subjects without a known cause of modulating 11β-HSD2. Here, we analyzed whether HSD11B2 is post-transcriptionally regulated by microRNAs (miRNA).
The mechanism of the intriguing cell-specific expression of HSD11B2 in mineralocorticoid target tissues is only poorly understood. Our group and others have reported that the transcription factors Sp1 and Sp3, nuclear factor-κB, early growth response 1, or nuclear factor 1 interact with HSD11B2 gene promoter. 14, [16] [17] [18] [19] These factors are ubiquitously expressed and therefore cannot sufficiently explain the distinct cell-typespecific expression of HSD11B2. Subsequently, our group has provided evidence of DNA methylation as one, but not the only, mechanism for the cell-specific HSD11B2 expression. 17 We hypothesized that a differential miRNA expression pattern is linked with a distinct expression of HSD11B2. Therefore, we compared the miRNA profile in the proximal convoluted tubule (PCT), a matrix virtually devoid of 11β-HSD2 activity, with that of the CCD, the principal site of 11β-HSD2 action. 20 Abstract-The enzyme 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD2) is selectively expressed in aldosterone target tissues, conferring aldosterone selectivity for the mineralocorticoid receptor. A diminished activity causes salt-sensitive hypertension. The mechanism of the variable and distinct 11β-hydroxysteroid dehydrogenase type 2 gene (HSD11B2) expression in the cortical collecting duct is poorly understood. Here, we analyzed for the first time whether the 11β-HSD2 expression is modulated by microRNAs (miRNAs). In silico analysis revealed 53 and 27 miRNAs with potential binding sites on human or rat HSD11B2 3′-untranslated region. A reporter assay demonstrated 3′-untranslated region-dependent regulation of human and rodent HSD11B2. miRNAs were profiled from cortical collecting ducts and proximal convoluted tubules. Bioinformatic analyses showed a distinct clustering for cortical collecting ducts and proximal convoluted tubules with 53 of 375 miRNAs, where 13 were predicted to bind to the rat HSD11B2 3′-untranslated region. To gain insight into potentially relevant miRNAs in vivo, we investigated 2 models with differential 11β-HSD2 activity linked with saltsensitive hypertension. (1) Comparing Sprague-Dawley with low and Wistar rats with high 11β-HSD2 activity revealed rno-miR-20a-5p, rno-miR-19b-3p, and rno-miR-190a-5p to be differentially expressed.
(2) Uninephrectomy lowered 11β-HSD2 activity in the residual kidney with differentially expressed rno-miR-19b-3p, rno-miR-29b-3p, and rno-miR-26-5p. In conclusion, miRNA-dependent mechanisms seem to modulate 11β-HSD2 dosage in health and disease
Materials and Methods

Untranslated Region Reporter Constructs
Reporter gene constructs containing the 3′-untranslated region (UTR) region of human and rat HSD11B2 gene were generated. Briefly, the 3′-UTRs were amplified from genomic DNA extracted from human and rat blood samples using polymerase chain reaction (PCR) primers containing restriction endonuclease recognition sequences. The PCR products with flanking restriction nuclease sites were double digested by Xbal and Notl (New England Biolabs). The fragments were gel-purified and cloned downstream of the Metridia luciferase open reading frame in the pCMVMetLuc vector (Clontech). Competent Escherichia coli (DH5α) were transformed with the chimeric 3′-UTR constructs (Invitrogen), and miniprep was prepared (Pure Yield Plasmid Miniprep System Promega). The authenticity and orientation of the inserts relative to the secreted luciferase coding sequence were confirmed by sequencing (Microsynth). Transfectionquality plasmids were prepared using a Maxiprep kit (Jetstar, LFU plasmid purification system).
Transfection and Analysis of 3′-UTR Reporter Constructs
SW620, HT29, HCT116, DLD1 (cell lines expressing 11β-HSD2), and COS-7 cells (not expressing 11β-HSD2) from ATTC were cultured in triplicates in 24-well plates (Falcon). Cells at 80% to 90% confluence were cotransfected with a 3′-UTR reporter construct (100 ng/well), a pSV-lacZ plasmid encoding β-galactosidase (50 ng/ well) using Fugene HD (Roche), following the manufacturer's protocol. Twenty-four hours after transfection, 50 μL of medium was transferred to a 96-well white plate and the secreted luciferase activities measured (Ready-To-Glow secreted luciferase reporter assay; Clontech). Cells were lysed with 200 μL/well of lysis buffer. Lysate (20 μL) was transferred to the 96-well white plate, mixed with 100 μL of substrate mix, and the β-galactosidase activities measured in each well. The secreted luciferase activity values were corrected by the corresponding β-galactosidase activity measures (Galactostar; ABI). Luminescence was measured with a Fluoroskan (Fluoroskan-Ascent FL; Thermo Electron Corporation) following the manufacturer's protocol for microplate assay.
Animal Studies
All experiments were approved by the Ethical Committee for Animal Experiments of the Canton of Bern. Eight-week-old male Sprague-Dawley (SD) and Wistar rats (Charles River) were uninephrectomized or sham-operated (sham; n=5 per group) by experts of Charles River and transported to Switzerland 1 week after surgery. Animals were kept in a temperature-, humidity-, and lightcontrolled room (12 hours light, 12 hours dark cycle) and fed ad libitum with ordinary rat chow diet containing 0.4% sodium (normal salt diet) for 5 weeks (Provimi Kliba). Rats had free access to tap water during the entire study. For urine collections, rats were housed individually in metabolic cages during the fifth week after surgery, and urine was collected for 24 hours. Until analysis, urine samples were kept at −20°C.
Measurement of Corticosterone Metabolites in Urine
The steroid metabolites produced by 11β-HSD2 in 24-hour urine samples were analyzed by gas chromatography/mass spectrometry according to Shackleton. 21 The ratios of corticosterone/dehydrocorticosterone (B/A) represent the apparent in vivo activity of 11β-HSD2 in rodents.
Perfusion and Microdissection
Five weeks after surgery, the left kidney of the animals (SD uninephrectomized and sham, Wistar uninephrectomized and sham) was perfused with perfusion buffer under a constant stream of 2% isoflurane. The cortex of the kidney was cut into 1-to 2-mm-thick transverse sections and incubated in perfusion medium (DMEM [Gibco]) containing liberase TM collagenase (Roche) at 30°C for 20 minutes. From these sections, the single CCDs and PCTs were carefully isolated and their size measured. Until RNA isolation, tubules were kept at −70°C.
RNA Isolation and Real-Time PCR Panel Analysis of miRNAs
Total RNA was isolated from CCDs and PCTs using QIAGEN miRNeasy Micro Kit according to the manufacturer's instructions. Briefly, after lysing the tissues in QIAzol and incubating with chloroform, the aqueous phase was transferred into a MiniElute spin column. After washing steps, the pure total RNA was eluted with 10 to 20 μL of diethylpyrocarbonate-treated water. The RNAs were quantified using Nanodrop. Samples of 200 ng of RNAs were sent to Exiqon (Exiqon Services, Denmark). Each RNA sample was reverse transcribed into cDNA and run on the miRCURY LNA Universal RT miRNA PCR Rodent panel I. Briefly, all miRNAs were polyadenylated and reverse transcribed into cDNA in a single reaction step. cDNA and SYBR Green mastermix were transferred to quantitative PCR panels preloaded with primers using a pipetting robot. Amplification was performed in a Roche Lightcycler480 (performed by Exiqon).
Transfection of miRNA Mimics and 11β-HSD2 Activity Assay
To study the effect of miRNA overexpression on 11β-HSD2 activity, HT29 (ATCC, HTB-38) and SW620 (ATCC, CCL-227) cells were seeded in 6-well plates and maintained in DMEM/10% fetal bovine serum for 48 hours. Cells were transfected with 25 nmol/L of the miR-20a mimic or the mimic negative control (Ambion) using Lipofectamine 2000 (Invitrogen). The 11β-HSD2 activity was performed 24 hours later by analyzing the conversion of cortisol to cortisone after incubating cells with 3 H-cortisol (1nCi/well) for 1 hour. The extraction, separation, and measuring procedure was performed according to Lanz et al. 11 Bioinformatic Analysis miRNA target predictions were retrieved from 3 commonly used algorithms, TargetScan (http://www.targetscan.org), Microcosm (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/targets/v5), and miRanda (http://microrna.org). miRNA with expression levels below 5Cps away from the negative control was not considered to be enough 
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October 2014 expressed at biological significant levels and was thus discarded from further analyses. The cleaned data were then normalized to correct for overall differences between samples. The unsupervised 2-way hierarchical clustering was performed using the function heatmap.2 of the statistical package R. Pairwise comparison of the expression levels was tested for significant differences using unpaired Student t test. For multifactorial comparisons, 3-way crossed ANOVA was applied. For all statistical tests, the significant threshold was corrected for multiple testing after Bonferroni correction.
Results
In Silico and 3′-UTR Reporter Analyses
The in silico analysis revealed 53 and 27 miRNAs with potential binding sites on the 3′-UTR of the human and rat HSD11B2 mRNA, respectively (The miRNAs identified with ≥2 algorithms are given in Table S1A and S1B in the online-only Data Supplement.) To investigate whether 3′-UTR-mediated regulation of HSD11B2 occurs by miRNAs, a 3′-UTR reporter analysis was performed. The 3′-UTRs of humans and rat were cloned downstream of the MET luciferase encoding sequence ( Figure 1A ). Cells constitutively expressing the 11β-HSD2 (SW620, HT29, HCT116, DLD1) or not (COS-7) were transfected with the constructs containing the human or rat HSD11B2 3′-UTRs. The measured luciferase activity of constructs containing either human or rat HSD11B2 3′-UTR was 50% less than with the positive control construct (pCMVMetLuc) in cells with, but not without, 11β-HSD2 activity ( Figure 1B ).
miRNA Expression Profiles in CCDs and PCTs
The expression of 11β-HSD2 in the kidney tubule exhibits a distinct pattern with virtual absence in the PCT and a high expression in the CCD. 20 Therefore, we specifically analyzed the expression profile of miRNAs in these 2 matrices, using microdissected renal tubules from SD and Wistar rats. In the first analysis, the miRNA profile of the CCD and PCT from 10 SD and 10 Wistar rats were combined, and a cutoff of P<0.05 was considered. The analysis revealed that 53 of 375 miRNAs were differentially expressed when CCDs were compared with PCTs ( Figure 2 ; Table S2 ).
To determine potential candidates involved in regulating 11β-HSD2 activity, we analyzed the binding affinity of differentially expressed miRNAs (CCDs versus PCTs) to the 3′-UTR of rat 11β-HSD2 using 3 miRNA target prediction algorithms, TargetScan, miRanda, and Microcosm. Several miRNAs are able to bind to the 3′-UTR of HSD11B2 mRNA ( Table 1 ). On the top of Table 1 , 2 miRNAs predicted with all 3 algorithms are given; rno-miR-378, rno-miR-186, and rno-miR-378 were expressed at higher levels in PCT than in CCD ( Figure S1 ). 
Comparison of 11β-HSD2 Activity and miRNA Profile Between Wistar and SD Rats
SD rats are salt sensitive; part of this salt sensitivity might be because of a diminished 11β-HSD2 activity. Therefore, we analyzed the urinary steroid metabolites reflecting 11β-HSD2 activity in SD and Wistar rats (Figure 3 ). The ratio of corticosterone/dehydrocorticosterone was higher in SD than in Wistar rats, indicating a diminished 11β-HSD2 activity in SD rats. To investigate whether this difference is linked with a differential expression of miRNA in the renal tubules, the miRNA profile in SD and Wistar rats was analyzed using 3-way crossed ANOVA. The analysis revealed a significantly lower expression of 3 miRNAs in SD versus Wistar rats (rno-miR-20a-5p, rno-miR-19b-3p, and rno-miR-190a-5p; Table 2 ; Figure S2 ). Interestingly, rno-miR-20a-5p has been predicted as a potential regulator of 11β-HSD2 by a target prediction tool ( Table 1 ). The number of differentially expressed miRNAs between SD and Wistar rats was higher when only miRNA from CCDs was considered and a less stringent statistical analysis (2-tailed t test) was applied (Table S3 ).
Effect of Uninephrectomy on 11β-HSD2 Activity and miRNA Profile
Our group has previously reported 13 and confirmed in the present study that uninephrectomy downregulates 11β-HSD2 activity (Figure 3 ). Therefore, it was of interest to analyze whether uninephrectomy modulates miRNA profile. The analysis showed that uninephrectomy significantly decreased the expression of 3 miRNAs: rno-miR-29b-3p, rno-miR-26b-5p, and rno-miR-19b-3p (Table 3 ; Figure S3 ; 3-way crossed ANOVA).
Overexpression of miR-20a Reduces 11β-HSD2 Activity
The level of miR-20a was increased in vitro using miRNA mimic to explore the potential role of this candidate to regulate the 11β-HSD2 activity. The activity was significantly reduced (by 44% and 47%, respectively) in pre-miR-20a-transfected HT29 and SW620 cells, indicating that miR-20a modulates the activity of 11β-HSD2 ( Figure 4A and 4B ).
Discussion
There are increasing data on the central role of miRNAs in the development of various diseases, including some kidney and cardiovascular entities. 27, 32, 33 Whether miRNAs and the 3′-UTR of specific players in the field of renal or blood pressure physiology are relevant is yet to be addressed specifically. The 11β-HSD2 is an essential enzyme for blood pressure control. 3 Therefore, the mechanisms accounting for its regulation are a prerequisite for understanding blood pressure in health and disease states. Here, we present evidence that HSD11B2 mRNA fulfills the prerequisites to be modulated by miRNAs. Because a multitude of miRNAs directly or indirectly affect the expression of a protein, special emphasis was given to the miRNA expression profile in the CCD, the main site of 11β-HSD2 action.
To the best of our knowledge, the relationship between miRNA and 11β-HSD2 was reported previously only once. 34 Shang et al 34 starved a human placental cell line (BeWo) from amino acids and observed a decline in the 11β-HSD2 activity, which was unexplained by a change in HSD11B2 mRNA abundance. The authors checked the expression of 5 different miRNAs for potential underlying mechanisms and found a significant increase in miR-498 level after cellular starvation. No functional analysis using a 3′-UTR construct of HSD11B2 mRNA was performed. How the miRNAs were selected for testing was not reported. 34 By using 3 miRNA target prediction programs (described above), we identified a weak prediction for miR-498 binding to the 3′-UTR of HSD11B2 only by miRanda. In our analysis of CCDs, miR-498 was not identified. Thus, it is conceivable that miR-498 has a specific role for 11β-HSD2 expression in the BeWo cell line.
In silico analysis of miRNA allows identification of potentially relevant candidates for binding to the 3′-UTR rno-miR-190a-5p 1.5×10 -3 TGFβ signaling, mechanical stress 27, 28 TGFβ indicates transforming growth factor-β. rno-miR-26b-5p 1.4×10 -5 Nitric oxide and atrial natriuretic peptide pathway 23, 29 rno-miR-19b-3p 5.2×10 -4 Proangiogenic, nephritic syndrome [24] [25] [26] rno-miR-29b-3p 1.2×10 -3 Fibrotic pathway, collagen genes, Mmp2, Itgb1 30, 31 by guest on April 13, 2017 http://hyper.ahajournals.org/ Downloaded from October 2014 of a specific mRNA. As clearly indicated in Table S1 , different programs predict different members of the miRNA family to bind to the 3′-UTR of the HSD11B2 mRNA, an observation known for other genes. 35 Only 3 candidates were predicted by all 3 programs (Table S1A and S1B). The ultimate biological relevance of an individual miRNA on the expression of a given gene is debatable. Different miRNAs affect the same 3′-UTR, and furthermore, the same miRNA targets the 3′-UTR of an array of genes encoding proteins that might directly or indirectly regulate the expression of the protein of interest. 35 Therefore, the proof of whether a gene is directly regulated by miRNA-related mechanisms is intricate. Here, we present the first evidence that 4 cell lines expressing 11β-HSD2 modulate the activity of human and rat 3′-UTR reporter constructs, whereas the cell line without endogenous 11β-HSD2 activity does not, strongly suggesting that the 3′-UTR of HSD11B2 mRNA is relevant for the expression of the 11β-HSD2 protein.
The mechanisms governing the expression of 11β-HSD2 are complex. Several transcription factors have been found to be relevant.. 14, [16] [17] [18] [19] Furthermore, CpG methylation has been shown to modulate the expression of HSD11B2. 17 CpG methylation again depends on a variety of enzymes. 36 Although several promising miRNA candidates relevant for the expression of an individual protein or a complex disease state have been reported, 32, 34, 37, 38 it seems that for physiological reasons, a pattern of miRNAs rather than an individual miRNA might govern the expression of a protein at its site of action. Therefore, we isolated the physiologically most relevant tissue for 11β-HSD2 action, the CCD, for the assessment of miRNA profile and compared this profile with that of the PCT that is virtually devoid of 11β-HSD2 activity (Figure 2 ). 20 The comparison allowed identifying 53 miRNAs to be different in the CCD compared with the PCT (Table S2 ). Interestingly, 13 of these miRNAs were predicted to bind to the rat HSD11B2 3′-UTR (Table 1) .
To get the same evidence of potentially relevant miRNAs, we focused on the impact of 2 models with a differential expression of 11β-HSD2 (ie, the comparison between Wistar and SD rats and the changes of 11β-HSD2 after uninephrectomy). As shown in Figure 3 , the activity of 11β-HSD2 is lower in SD than in Wistar rats. The comparison of the miRNA pattern between SD and Wistar rats led to the identification of 3 miRNAs to be significantly different ( Table 2) . Among the 3 miRNAs listed in Table 2 , rno-miR-20a-5p binds to the 3′-UTR of HSD11B2. This miRNA was shown to modulate E2F transcription factor and to be rapidly upregulated by renal ischemia. 22, 39 Interestingly, our group has previously shown that ischemia downregulates 11β-HSD2. 10 miR-19b was reported to play a role in proangiogenesis, to be increased in Dahl salt-sensitive rats fed with high-salt diet and treated with anti-miR-208a. 23, 24 Furthermore, children with nephrotic syndrome revealed an increased serum level of miR-19b. 25 One might speculate whether such a change is linked with the diminished 11β-HSD2 activity reported by our group in patients with the nephrotic syndrome. 26 It is shown that miR-190a upregulated by mechanical stress in podocytes 28 might be linked with the shear stress-mediated downregulation of 11β-HSD2. 11 The activity assay revealed clear evidence that miR-20a mimic reduced 11β-HSD2 activity in HT29 and SW620 cells ( Figure 4A and 4B ). However, it remains to be clarified whether this decrease is because of a direct interaction of miR-20a with the 3′-UTR of HSD11B2 mRNA or is an indirect effect mediated by the modulation of the E2F transcription factor. 22 Uninephrectomy downregulates 11β-HSD2 in the remaining kidney, as previously shown 13 and confirmed in the present study (Figure 3 ). When the miRNA profile of the remaining kidney was compared with that of sham-operated rats, 3 miR-NAs were found to be differentially expressed after uninephrectomy (Table 3) . miR-19b-3p, discussed above, as well as miR-29b-3p and miR-26b-5p, has been linked with hypertension. miR-29b is elevated in the renal medulla of salt-sensitive rats after a high-salt diet. 27 It was suggested that the miR-29b is the master regulator of several collagen genes and genes linked with extracellular matrix formation, such as Mmp2 and Itgb1. miR-26b seems to be involved in cardiac hypertrophy by regulating GATA4, a transcription factor that increases alpha-skeletal actin and atrial natriuretic factor, 2 factors relevant for cardiac hypertrophy. 29, 30 Recently, miR-26b was reported to be implicated in nitric oxide and atrial natriuretic peptide signaling in vascular smooth muscle cells. 40 In conclusion, the present study provides the first evidence of 3′-UTR-directed regulation of HSD11B2 mRNA by miRNAs. Because 11β-HSD2 is specifically expressed in the CCD, but not in the PCT, the miRNA profile in these 2 matrices was established and differential expression of 53 miRNAs, including 13 predicted to bind to the 3′-UTR, identified. The miRNA profile changed after uninephrectomy and 
Perspectives
The present study suggests that the function and differential regulation of miRNA may contribute to the molecular mechanisms underlying the development of salt-sensitive hypertension after uninephrectomy. Therefore, it would be informative to investigate the impact of high-salt diet on miRNA pattern. The assessment of blood pressure and apparent 11βHSD2 activity after the knock down of miRNA candidates would confirm in vivo the link between miRNA, 11β-HSD2, and salt-sensitive hypertension. 
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